form bacteria and weed seeds (Larney and Blackshaw, 2003) .
CH 4 during composting of feedlot manure has not been composting on overall GHG emissions and C sequestration and to widely investigated, GHG emissions are known to occur fully investigate livestock manure management options. (Hao et al., 2001; Sommer and Møller, 2000) . The amount and the proportion of these GHG emissions and the quality of the final compost product may be G lobally, CH 4 emissions from livestock manure affected by several factors such as water content, C/N represent 5 to 6% of total CH 4 emissions (Hogan et ratio (Shi et al., 1999; Al-Kanani et al., 1992) , and chemial., 1991) , and N 2 O represents 7% of total N 2 O emissions cal amendments (Swinker et al., 1998 ; Mahimairaja et (Khalil and Rasmussen, 1992) . In Canada, livestock maal., 1994) . The presence of wood chips increases convecnure emits 240 000 Mg yr Ϫ1 of CH 4 and 14 000 Mg yr Ϫ1 of tion of air through the compost windrow (Van Ginkel N 2 O (Environment Canada, 2002) . Sommer and Møller et al., 2002; Barrington et al., 2003) , possibly increasing (2000) observed that current emission inventories for the supply of O 2 , and hence increasing aerobic decompolivestock manure are based on limited data. Gonzá lezsition. In other words, increases in CO 2 and decreases Avalos and Ruiz-Suá rez (2001) found that CH 4 emission in CH 4 and N 2 O production might be possible. In this factors for cattle manure in Mexico were less than onestudy, we investigated C and N balance and emissions of fifth of those proposed in the revised 1996 Intergovern-CO 2 , CH 4 , and N 2 O from straw and wood chip-bedded mental Panel on Climate Change guidelines (IPCC, cattle manure during open windrow composting in south-1996) . To better estimate GHG emission levels and deern Alberta. velop techniques for emission reduction, more accurate knowledge about CH 4 and N 2 O emissions during the MATERIALS AND METHODS handling of animal manure is needed.
In southern Alberta, Canada, cattle feedlots are inCompost Windrow Establishment creasing in size and in animal density with large amounts the 99 d of composting. Two sets of gas samples were collected at the windrow surface (0 cm) and at 15, 40, 70, and 100 cm 2000) represented the end of thermophilic composting and the onset of the mesophilic or curing phase (when compost below the surface using a multilevel sampler (Hao et al., 2001 ). All gas samples were taken between 0800 and 0900 h and windrow temperature Ͻ40ЊC). Weather data were obtained from a meteorological station ෂ0.5 km from the compostanalyzed for CO 2, CH 4 , N 2 O, and O 2 on the same day using a gas chromatograph (Varian 3600, Varian Instruments, Walnut ing facility.
Creek, CA) equipped with an electron capture detector (ECD), flame ionization detector (FID), and thermal conduc-
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tivity detector (TCD). The average concentrations of CO 2 , At establishment and just before each turning, a series of CH 4 , N 2 O, and O 2 for each windrow were calculated based measurements and samplings were taken from each windrow.
on the geometric mean of each sampling section, assuming The surface area and volume were calculated from circumferthe windrows were hyperbolic in shape. The geometric mean ence and radius measurements of the windrows, assuming the was used since the volume of manure represented by each windrow cross-section was hyperbolic in shape. Bulk density sampling depth was not equal. was estimated by weighing an aluminum pail of known volume (0.064 m 3 ) filled with manure-compost ).
Gas Fluxes from Windrow Surfaces
Particle density was measured using a pycnometer method (Blake and Hartge, 1986) as modified and described by Hao Gas emissions and O 2 consumption during composting were et al. (2001) . Total porosity in the windrow was calculated measured according to the same schedule as gas profile meausing bulk density and particle density. The water content of surements, using a modified vented chamber technique the manure-compost samples was determined by oven-drying (Hutchinson and Mosier, 1981) . Two sets of gas samples were at 60ЊC to constant weight. The air-filled pore space was calcucollected from each windrow. At each sampling time, a chamlated as the difference between total porosity and pores occuber (15.5 cm in diam. and 15 cm in height) was placed on the pied by water.
peak of the windrow. Ten mL of air was drawn with a plastic Before turning, each windrow was cut perpendicular to its syringe from the chamber headspace 0, 5, 10, 20, and 30 min length with a skid-steer loader, exposing two vertical faces.
after chamber placement. Immediately after sampling, the syManure samples of approximately 1 kg were collected from ringe needle was placed in a rubber stopper to prevent gas each face at depths of 0 to 5, 5 to 15, 15 to 35, 35 to 60, 60 exchange. As with profile measurements, all surface flux gas to 90, and 90 cm from the top of the windrow. This represented samples were taken between 0800 and 0900 h and analyzed 24 samples from each bedding treatment. The 0-to 5-cm for CO 2 , CH 4 , N 2 O, and O 2 the same day. sampling depth included the windrow peak. Ammonium-N Gas fluxes were calculated from concentrations by assuming (NH ϩ 4 -N) and nitrate-N (NO Ϫ 3 -N) concentrations were meaa steady state gradient in the underlying windrows (Anthony sured on 10 g of fresh (wet) sample from each depth. Each et al., 1995) as described by Hao et al. (2001) . Briefly, the was shaken in 200 mL of 2 M KCl for 1 h, and filtered through concentration vs. time relationships for each chamber were KCl-washed filter paper (Whatman no. 42). Extracts were fitted with a second order polynomial equation (C ϭ a ϩ bx ϩ frozen at Ϫ15ЊC, and then analyzed on a Technicon AutoAnacx 2 ), where C is the concentration of gases and x is the time lyzer II. Subsamples were oven-dried at 60ЊC and finely ground in minute(s) for each sampling time (SAS Inst., 2001) . The (Ͻ150 m) for total C (TC) and total N (TN) measurement flux at time 0 was calculated by taking derivatives of the second in an automated elemental analyzer (Carlo Erba, Milan, Italy) .
order polynomials (dC/dx x→0 ϭ b ). Cumulative emissions were The pH was measured using oven-dried materials by shaking approximated by assuming that daily fluxes, which were mea-30 g (dry wt.) of manure-compost with 120 mL of deionized sured more frequently during early composting, represented water for 1 h, then the pH values of the filtrate were deterthe average for the whole week. To account for emissions mined with a pH meter (Accumet pH meter 50, Fisher Scienduring turning, it was assumed that these were equivalent to tific). Characteristics of the SBM and WBM at the begining the difference between the average profile gas concentration of the experiment (fresh manure, Day 0) and on Day 99 (end before and after turning and the average air-filled pore space of thermophilic composting) are shown in Table 1. before the turning event. These amounts were added to the For mass balance calculations, the dry matter (DM) and total cumulative emissions. The total GHG emissions during mass losses of C and N during 99 d of composting were calcuthe composting period were expressed on an initial surface lated by the difference between the amounts on Day 0 and area (kg C m Ϫ2 or kg N m Ϫ2 of manure) and initial dry weight Day 99, assuming that the DM mass loss was entirely due to (kg C Mg Ϫ1 manure or kg N Mg Ϫ1 manure) basis. organic matter loss and that organic matter was TC ϫ 1.724.
Data Analysis Gas Profile Measurements within Compost Windrows
The O 2 , CH 4 , and CO 2 flux data were analyzed for two Gas profile measurements were collected two to three times per week for the first 3 wk and once per week thereafter for separate composting stages: Day 0 to 49 (early) and Day 50 Ward et al., 2000) . Although woodchips were significant, mean flux among different compost stages had a greater proportion of smaller sized material than and between two bedding treatments were tested using constraw before addition to the feedlot pen, the large sized trast analysis.
pieces remained relatively unchanged. In contrast, straw had a much longer length initially, but broke down to
RESULTS AND DISCUSSION
much smaller-sized particles in the pen. The combinaWeather Conditions tion of larger particle sizes and a higher initial C/N ratio ( . Total rainfall during the 99-d study was 78 mm, much less than the long-term average of 123 mm. Although the windrows were under a roof, which prevented addition of water via precipitation, they were exposed to evaporation. The warmer and drier conditions contributed to a higher evaporation potential (811 mm) than the longterm normal (565 mm) for the 99-d composting period.
Dry Matter, Carbon, and Nitrogen Changes during Composting
The initial water content of fresh SBM and WBM was similar (Table 1) (Fig. 2a) and were significantly greater TN) and 1.42 kg Mg Ϫ1 for WBM (11.4% initial TN, for SBM than WBM during early composting (Day 0- Table 2 ). Similar to C, most of the N loss occurred 49). In contrast, no differences between the two treatduring the early stages of composting (Fig. 1b) and the ments were found during late composting (Day 49-99) large difference in N loss between treatments reflects (Table 3 ). Contrast analysis also indicated that the O 2 the characteristics of the bedding. The higher N loss for consumption rate was significantly greater during the SBM could be due to an initially high TN content, a early stage, compared with the late stage of composting, lower C/N ratio (Table 1) , or possibly greater ammonia for SBM but not for WBM (Table 3 , Fig. 2a ). The rate (NH 3 ) losses. Low C/N ratios generally result in high N of O 2 consumption significantly decreased following losses (Al-Kanani et al., 1992) . Price (2001) measured windrow turning on Days 8 and 14 (Fig. 2a) , mainly due gaseous NH 3 losses from the windrows and found that to decreased windrow temperatures (temperature data losses from SBM were two to six times greater than not shown). those from WBM. The higher pH with SBM in part
The rates of CO 2 emission also varied considerably contributed to higher NH 3 emission loss since the volatiduring composting (Fig. 2b) , and followed similar patzation of NH 3 increases with pH. Moisture content also terns to O 2 consumption. The CO 2 emission rate was played a role in the N loss. Treatments started with significantly greater for SBM than WBM during early similar water content. However, WBM retained more water (Table 1 ) and potentially more NH 3 , since NH 3 is highly soluble in water. The fraction of TN loss from the SBM treatment was similar to values reported by Garrison et al. (2001) .
The NH ϩ 4 concentration in the windrows increased during the first 35 d of composting (Fig. 1c) Fig. 1d) .
The initial NO Ϫ 3 -N content of cattle manure in our study was much greater than values (Ͻ10 mg kg
Ϫ1
) from previous studies in southern Alberta (Larney et al., moval was delayed until mid-July, which allowed an composting (Day 0-49), but there was no significant posting substrate. For CH 4 , in addition to C availability in the substrate, other factors, such as the rate of O 2 difference during late composting (Day 50-99) (Table  3) . For both bedding treatments, the rate of CO 2 emisconsumption during the production of CO 2 and the stability of the CH 4 produced, affect the rate of CH 4 emissions was also significantly greater early in the composting than later. High rates of O 2 consumption were posision. For example, while production of CH 4 may be high at the bottom and center of the windrow profile where tively correlated with high rates of CO 2 emission (r ϭ 0.88*** for SBM; r ϭ 0.94** for WBM, n ϭ 32; ** anaerobic conditions exist, this CH 4 could be oxidized while diffusing upward and outward before reaching the significant at the 0.01 level; *** significant at the 0.001 level) because organic matter decomposition consumes emitting surface (Hao et al., 2001) . The rates of CH 4 emission were not significantly dif-O 2 and releases CO 2.
The increased rate of O 2 consumption and CO 2 emisferent between SBM and WBM, so all data were pooled in a contrast analysis of the composting stage effect. sion from SBM compared with WBM was probably caused by differences in manure characteristics. Cereal
The CH 4 emission rate (0.0219 kg m Ϫ2 d
) during early composting (Day 0-49) was significantly greater than straw with less recalcitrant lignin and more readily degradable hemicellulose than wood chip materials late composting (Day 50-99, Table 3 ). The highest rates of N 2 O emission were measured at (Eklind and Kirchmann, 2000a; Ward et al., 2000) , combined with smaller-size particles of the straw compared the onset of composting (0-14 d), followed by a period of low emissions during midcomposting and a minor with the larger wood particles and a lower initial C/N ratio of 17 (Table 1) , favored microbial decomposition peak toward the end (Fig. 2d) . In contrast, Martins and Dewes (1992) , Lopez-Real and Baptista (1996) , and He and hence SBM had higher O 2 consumption and CO 2 emissions. The higher O 2 consumption and CO 2 emiset al. (2001) reported that N 2 O emission occurred only in the later stages of composting when CH 4 production sion during early composting may be attributed to the greater degradation rate of aliphatics, hemicellulose, had ceased. Our results suggest that the presence of NO Ϫ 3 in the manure led to the production and emission and proteins during early stages of composting (Veeken et al., 2001) . As this easily degradable fraction of organic of N 2 O during early composting when the emission of CH 4 was also largest. A significant correlation between matter was depleted, O 2 consumption and CO 2 emission declined.
the rate of N 2 O emission and average NO Ϫ 3 concentration in the compost (r ϭ 0.79*** for SBM and r ϭ More than 50% of total CH 4 emission occurred during the first 28 d of composting, decreasing rapidly to near 0.80*** for WBM, n ϭ 16) suggest that denitrification of NO Ϫ 3 rather than the nitrification of NH ϩ 4 was responzero after Day 70 for both treatments (Fig. 2c) . This is similar to the findings of Lopez-Real and Baptista sible for N 2 O emissions in our study. Since there were three distinct periods of N 2 O emis-(1996), Sommer and Møller (2000) , and Hao et al. (2001) . Initially, relatively high rates of O 2 consumption sion (Fig. 2d) , the rates were analyzed separately for the initial major peak (Day 0-14), the midperiod of and CO 2 production ( Fig. 2a and 2b ) created anaerobic conditions that not only favored production of CH 4 , lower emission (Day 15-49), and the later minor peak (Day 50-99). There were no significant differences due but also increased CH 4 stability. Although correlation coefficients for the rate of O 2 consumption vs. CH 4 emisto bedding in N 2 O emission rates for Day 0 to 14 or Day 15 to 49 (Table 4 ). However, SBM had a signifisions (r ϭ 0.45* for SBM; r ϭ 0.49* for WBM, n ϭ 32; * significant at the 0.05 level) were significant, they were cantly greater N 2 O emission rate from Day 50 to 99 than WBM. For the SBM treatment, the average N 2 O lower than those obtained for O 2 consumption vs. CO 2 emission. This may be partly explained by factors affectemission rate of 0.200 g m Ϫ2 d Ϫ1 during the first 14 d was significantly greater than the rate from Day 15 to ing production and emission of CO 2 vs. CH 4 . Besides the rate of O 2 supply, the rate of CO 2 production and 49 (0.027 g m Ϫ2 d
), but not significantly different from the rate from Day 50 to 99 (0.144 g m Ϫ2 d
, Table 4 ). emission directly depends on the C source in the com- ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † SBM cattle manure from feedlot pens bedded with cereal straw; WBM cattle manure from feedlot pens bedded with wood chips. ‡ There were no significant treatment effects so data for both bedding materials were pooled for the analysis. , Table 4 ). The simple static chamber was a reliable tool for estimating lower nonsignificant correlation coefficients between gaseous C emissions during composting, especially unthe rate of O 2 consumption and N 2 O emission (r ϭ 0.18 der a semicontrolled environment with no leaching or for SBM and r ϭ 0.26 for WBM, n ϭ 16) indicate the runoff losses due to a roof and concrete floor. Proporrelationship between the two parameters was nonlinear tionately, C losses as CH 4 (8.9 kg Mg Ϫ1 for both treatand probably complex. While production of N 2 O occurs ments) were small compared with those via CO 2 , reprevia denitrification under anaerobic conditions, under senting only 5.1% (SBM) and 5.8% (WBM) of TC loss extreme anaerobic conditions N 2 O becomes unstable or 2.7% (SBM) and 2.0% (WBM) of the initial TC. and is further reduced to N 2 , perhaps explaining the poor
The loss of N 2 O was low, similar to findings reported correlation between N 2 O emission and O 2 consumption.
from other composting studies (Martins and Dewes, 1992; Kuroda et al., 1996; Eklind and Kirchmann, 2000b;  Mass Balance for Greenhouse Gas Emissions Hao et al., 2001; Sommer, 2001; Amon et al., 2001 total emissions during composting expressed as CO 2 -C for N 2 O. equivalents were 368.4 kg C Mg Ϫ1 manure for SBM, For SBM, the measured TC loss of 173.9 kg C Mg Ϫ1 which was not significantly different from the total emisas CO 2 and CH 4 emission was almost identical to TC sion of 349.2 kg C Mg Ϫ1 manure for the WBM treatment. loss (174.4 kg C Mg Ϫ1 ), calculated using initial (Day 0) Although most C is emitted as CO 2 (94% total C loss), and final (Day 99) TC concentrations. Similarly, for the impact of CH 4 was greater since its global warming WBM, the measured TC loss of 154.5 kg Mg Ϫ1 as CO 2 potential is 21 times more than CO 2 (Table 5) . Although and CH 4 emissions was almost identical to the calculated loss of 154.3 kg Mg
. The similarity between gaseous C N 2 O contributed Ͻ5% of total GHG emission (CO 2 -C such as a rice paddy) acts as a sink for atmospheric CH 4
